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INTRODUCTION
NASA and the U.S. Department of Defense are pursuing revolutionary technology advances to achieve the realization of intelligent aircraft engines, which will be self-diagnostic, selfprognostic, self-optimizing, and mission adaptable. These engines will require advanced Propulsion Control and Health Management (PCHM) [1] capabilities including sensors, diagnostics and prognostics, adaptive/active controls, and integrated controls and diagnostics. PCHM is a technology investment that will directly support the NASA goal to enable a safer, more secure, more efficient, and environmentally friendly air transportation system [2] . The objectives of NASA include: 1) decrease the aircraft fatal accident rate and the vulnerability of the air transportation system to threats, and mitigate the consequences of accidents and hostile acts; 2) protect local and global environmental quality by reducing aircraft noise and emissions; and 3) enable more people and goods to travel faster and farther, with fewer delays.
PCHM technology also plays a prominent role in the Department of Defense Versatile Affordable Advanced Turbine Engine (VAATE) Program which is focused on achieving a 10 times improvement in the combined areas of engine capability and affordability [3] . The VAATE program balances the emphasis on capability (performance, operability, survivability and robustness), and affordability (development, production and maintenance costs). The VAATE Intelligent Engine focus area spans diverse technologies, including active control and engine health management, to achieve a self-optimizing, selfdiagnosing, mission-adaptable propulsion system.
Sensing technology is the foundation upon which a PCHM system is based as it is relied upon to accurately collect the data required for engine control and health management. Today's aircraft propulsion systems are typically equipped with a suite of control sensors (temperatures, pressures, rotor speeds, etc.), the outputs of which are used as inputs by the engine control logic. Additionally, engines are typically equipped with various sensors for health monitoring purposes and cockpit displays. These can include lubrication and fuel system sensors (pressure and flow), accelerometers, and gas-path instrumentation for performance monitoring purposes.
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Comp. Current research efforts are making critical advances in sensing technology such as enhancements in the areas of weight, size, cost, accuracy, reliability, and robustness. New sensors are being developed to enable the measurement of previously un-measurable parameters critical for assessing the overall health of the propulsion system. Advances in sensing technology, including smart sensors, and the insertion of this technology into next generation aircraft propulsion systems will enable the transition from manual inspection practices to automated assessments, and the transition from conventional control logic to advanced adaptive/reconfigurable control logic, making the vision of intelligent aircraft engines a reality. This paper will review the anticipated sensing needs to support future intelligent aircraft engines from a control and health management system perspective. The PCHM enabling technologies for "Intelligent Engines" can be organized into three broad categories -active component control, advanced health management, and distributed fault tolerant control. This paper will discuss the sensor needs to support intelligent aircraft engines in the context of these three areas. Some of the PCHM technologies to be discussed, along with their associated sensing needs and engine location, are introduced in Fig. 1 .
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It should be noted that this paper is not meant to be allencompassing. It is acknowledged that each one of these research areas and associated sensor requirements can be discussed in much more detail than available in this format. Rather, this review is representative of the issues regarding sensor technology in these PCHM areas. As such, it is meant to be an initial guide for sensor activities based on the present state-of-the-art understanding rather than a final "how-to" manual. The application of sensor technology in general needs to be tailored for the given application environment, the engine system, and the objectives of the specific PCHM strategy.
ACTIVE CONTROL TECHNOLOGIES AND SENSOR NEEDS
The traditional aircraft propulsion control system objective has been that of providing the desired thrust response to pilot power lever angle commands while ensuring that the specified safety, operability, and life margins are maintained. In the past, engine components such as combustors, fans, compressors, inlets, nozzles, etc. have been designed for optimum component performance within some overall system constraints. The control design problem has been to transition the operating point of the engine from one point to another in the most expedient manner without compromising any of the limit margins.
With the advancements in information technologies, the component designers are beginning to realize the potential of including active control into their component designs to help them meet more stringent design requirements and the need for affordable and environmentally friendly propulsion systems.
For illustration purposes, Fig. 2 shows a simplified diagram of the active control process consisting of the engine, sensors, a control unit, and actuators. Engine sensor feedback measurements are sampled at a specified interval and fed as inputs into the control unit where they typically undergo signal processing and are input into the associated control logic. Control generated commands are then fed out of the control unit to the actuators. Efforts are ongoing to incorporate active control capabilities into inlet, compressor, combustor, and turbine components. Each of these applications has unique sensing, processing, and actuation needs, but in general follow the generic active controls process shown in Fig. 2 . These four active control areas are further discussed below with an emphasis on sensing needs. 
Active Inlet Control
For supersonic and hypersonic vehicle applications in the Mach range from 2 to 4, mixed-compression inlets are the most efficient means of transitioning the flow to subsonic speeds for turbine engine operation. Mixed-compression inlets operate with an internal shock structure that is terminated by a normal shock (i.e., flow discontinuity that transitions the airflow from supersonic to subsonic) just downstream of the inlet throat. The safe and efficient operation of these inlets requires that the NASA/TM-2004-213202 location of the terminal shock be maintained downstream, but very near, the aerodynamic throat (i.e., minimum area). If the shock moves forward of the throat, it becomes unstable and can be expelled from the inlet resulting in a phenomena known as inlet "unstart". With the shock outside the inlet, much of the flow is spilled around the inlet greatly reducing the thrust and increasing drag. Since the inlet unstart phenomena happens very quickly, the large change in moments tends to produce violent motions in the vehicle.
The active inlet controls program was previously conducted in direct support of the NASA High Speed Research (HSR) program, which was developing technologies for a future commercially and environmentally viable supersonic civil transport aircraft. The objective of active inlet control is to develop and validate dynamic models and advanced multivariable control systems for supersonic mixedcompression inlets. The control system needs to be designed to include inlet unstart prevention, automatic restart, distortion minimization and inlet/engine integrated control.
Some of the challenges in implementing active inlet control are determining the best effectors for controlling the shock position, developing accurate models of inlet operation, and developing flight quality sensors for measuring the location of the terminal shock for feedback control purposes. Environmental conditions in the inlet are extreme (thermally), and are significantly affected by Mach number and design geometries. There are several sensor options for measuring shock position including, but not limited to, pressure sensor arrays and optical probes [4] . A review of pressure sensor requirements for inlet control in current and future hypersonic vehicles was performed in reference [5] . The inlet shock position pressure sensing requirements for the SR-71 aircraft [5] are summarized in Table 1 for example purposes.
Active Compressor Control
Several active control approaches have been investigated to achieve enhanced fan/compressor efficiency. These include stability margin management, active stall control, and active flow control. For aircraft engines a safety margin, called the stability margin, is designed into the operation of fans and compressors to prevent the inception of stall over the operating range of these components. However, the peak efficiency operating point of a fan or compressor is often very near the component stall line. If the component could be safely operated closer to the point of peak efficiency then it would enable reduced fuel burn. This in turn would result in reduced emissions (CO 2 ) and a savings in aircraft fuel costs. Active compressor control technologies are further described below.
Stability Margin Management. A portion of the stability margin designed into the operation of aircraft gas turbine engine compressors is to account for the effects of inlet distortion (non-uniformity of the inlet airflow) caused by aircraft maneuvers or atmospheric disturbances. This added stability margin results in a performance penalty being paid at low distortion operating conditions such as cruise. Engine companies have estimated that being able to actively control the [6] . The HISTEC system uses a small number of high-response pressure sensors at the engine face to estimate the type and extent of distortion in real time. This distortion estimate is fed into the control system which adjusts the stability margin accordingly. The characteristics of the sensors used in the HISTEC program [7] are included in Table  1 as an example of distortion estimation sensing options. It should be emphasized that although available sensors were suitable for HISTEC flight test activities, enhancements are necessary in order to develop a less intrusive sensor suitable for installation on a production vehicle. Also, a means to reduce the overall number of sensors required is desirable.
Active Stall Control. Another approach to enhance compressor performance is to extend the stable operating range of the component through active stall control techniques [8] . This will potentially allow the compressor to operate closer to its designed peak efficiency.
Active stall control is implemented by sensing dynamic fluid disturbances within the compression system, which are precursor indications to the onset of stall, and activating high bandwidth flow valves located around the circumference of the compressor to counter the flow distortion before it builds up to stall. Challenges for the implementation of active stall control include developing accurate stall phenomenon models for use in control design, developing effective high bandwidth (~500Hz) flow control actuators, and developing flight quality high-response sensing capabilities for stall precursor monitoring and feedback control purposes.
Active stall control has been demonstrated in laboratory environments for single and multi-stage compressor designs. These results indicate that substantial extension in the safe operating range of the compressor can be achieved by active stall control technology. Some of the past active stall control sensing options considered/used in these laboratory environments include pressure, mass flow, and temperature measurements [9] . The frequency of the stall precursors of interest is dependent upon the design and operating point of the compressor, but is typically between 10-300 Hz. Measurements must be sampled at a frequency suitably higher to avoid aliasing effects in quantifying the stall precursor phenomena. A circumferential array of sensor measurements is typically employed to assess the spatial harmonics, phase, and rotation frequency of the pre-stall phenomena. For illustration purposes the specifications of the pressure sensors used in the active stall control research described in reference [10] are shown in Table 1 . Although these sensors were adequate for research purposes, they are relatively expensive and were found to be somewhat susceptible to failure. Enhancements in the area of sensor technology affordability and robustness are necessary in order to develop sensors suitable for active stall control applications in a production engine. Also, a means to reduce the required number of sensors is desirable.
Active Flow Control. Another representative technology for intelligent engines is active flow control through the use of Smart Vanes [11] . NASA Glenn is currently conducting research in this area in collaboration with Honeywell and Illinois Institute of Technology. This work is being partially funded by the Defense Advanced Research Projects Agency. The goal of Smart Stator Vanes is to provide enabling technology for intelligent engines by diagnosing and eliminating separation on the suction side of stator vanes. These smart vanes are envisioned to be an improvement over the current practice of using variable stator vanes whose angular position is scheduled by the engine controller to ensure component stability over the entire operating envelope. Replacing variable stator vanes with an active flow control approach can reduce weight. While variable stator vanes use a mechanical means to turn the airflow entering a component, smart vanes use an active flow control approach where air is injected into the vane trailing edge to turn the flow. In addition, air blown through holes in the surface of the blade can reduce or eliminate blockage due to separation that can occur on the suction side of the blade. Both steady and unsteady approaches are being investigated. To date, the unsteady blowing shows the most benefit and it requires less flow than steady injection. In a current application, fluidic actuators embedded in the vane are being used to oscillate the flow producing an unsteady boundary condition at the blade surface or trailing edge.
There are a variety of sensing options for measuring flow separation including hot wire and pressure measurements. Reference [11] investigated two feedback sensing options consisting of static pressure taps embedded in the flow control vane and static pressure sensors located in the compressor casing. The sensor parameters associated with this approach are shown in Table 1 . In order to develop sensors suitable for active flow control applications in a production engine it is envisioned that enhancements are necessary in the areas of robustness, affordability, and non-intrusive installation capabilities. Furthermore, the capability to service/replace the sensors without requiring a major disassembly of the engine is necessary.
Active Combustion Control
Future aircraft engines must provide ultra-low emissions and high efficiency at low cost while maintaining the reliability and operability of present day engines. In order to meet these goals advanced combustor designs will be required. Active Combustion Control which consists of feedback-based control of the fuel injection, the fuel-air mixing process, and the staging of fuel sources, can provide an approach to achieving acceptable combustor dynamic behavior while minimizing emissions, and thus can provide flexibility during the combustor design process. Reference [12] provides a review of active combustion control, and discusses current capabilities and future advances required in the related technology areas of control, modeling, actuation, and sensing. The three main areas of interest in active combustion control are: combustion instability control, emission minimizing control, and pattern factor control [13] . The long-term intent is to combine the NASA/TM-2004-213202 objectives of each individual active combustion control technology into a single intelligent fuel/air management system to provide low emissions throughout the engine operating envelope. These areas are described below and the parameters of interest for feedback control are introduced.
Combustion Instability Control. As the requirements for reducing emissions become more stringent, the combustor designs move towards a "lean" burning solution where the fuel/air mixture contains more air to allow for complete combustion of the fuel while forming less pollutants. However, such combustor designs are more susceptible to instability due to thermo-acoustic driven pressure oscillations. Active control of such oscillations can allow for more efficient, lower emissions combustor designs. In recent years, there has been considerable research into combustion instability suppression. A description of active control of high frequency (> 500 Hz) combustion instability in a combustor rig environment can be found in reference [14] . An example pressure sensing option to detect/quantify combustion instabilities for feedback control is shown in Table 1 [15] .
The combustor temperature environment specified in Table 1 is extremely harsh. Developing practical and affordable sensor technology capable of measuring parameters in this environment will be a major challenge. As such, any sensors used for this application may require installation in less harsh "stand-off" locations.
Emission Minimizing Control. In order to simultaneously minimize production of carbon monoxide (CO), unburned hydrocarbons (UHC), and oxides of nitrogen (NOx), tight control over the fuel-air ratio is required throughout the operating range of the combustor. The challenges for this technology are the development of simplified emission production models that can be used for control design, development of suitable approaches to actively control the fuel/air mixture ratio, and the development of the necessary feedback control sensors for operation within the engine environment. It is desirable to have emission species sensors for direct feedback control purposes. A secondary option is to use pressure sensors through which the level of emission production can be inferred. Reference [12] discussed the use of laser diodes, planar laser-induced fluorescence, chemiluminescence, and Fourier Transform Infrared spectrometry as potential emission species measurement options. Example specifications are shown in Table 1 . An array of emission measurements taken in close proximity to the combustor exit (such as the second stage HPT stator vane) is desirable as this would allow the performance of individual fuel nozzles to be more accurately assessed. However, the harsh temperature of this environment may require measurements to be taken downstream in less harsh, albeit less preferable, locations.
Burner Pattern Factor Control. Burner Pattern Factor is an indicator of the difference between the maximum and average temperature at the turbine inlet. Reducing the burner pattern factor can eliminate some of the hot streaks at the turbine inlet which will increase the life of turbine blades. Reducing the burner pattern factor may also result in more uniform fuel burning and reduced emissions. Burner Pattern Factor Control seeks to develop an active engine fuel distribution system capable of producing a more uniform combustor exit temperature. Burner Pattern Factor Control frequently employs a temperature feedback approach: based upon temperature feedback from circumferentially arranged temperature sensors at the combustor exit plane, the control system issues commands to fuel flow valves circumferentially arranged inside the combustor so as to achieve as uniform a temperature distribution at the exit plane as possible. Some of the past temperature feedback sensing options considered for burner pattern factor control included an array of thin film thermocouples attached to the high pressure turbine stator vanes [13] , and acoustic tomography [16] . Example sensing specifications are shown in Table 1 . Developing sensors which can survive in this harsh environment, and which are readily accessible for maintenance purposes are key design issues.
Active Turbine Tip Clearance Control
Active clearance control aims to improve engine efficiency by manipulating both transient and steady state turbine tip clearances during engine operation [17, 18] . This can reduce engine operating temperatures resulting in increased on-wing life of engine components. Additional benefits of decreased operating clearances are reductions in emissions and specific fuel consumption. These reductions would result in economic and environmental benefits to the public at large. Conventional approaches employed to optimize clearance include passive designs and open-loop control techniques using fan or compressor bleed air to control the thermal deformation of the case surrounding the turbine. The shortcomings of such techniques are that they do not account for clearance variations due to wear and they are often only optimal at select engine operating points.
Active clearance control provides fast-response clearance control with direct sensor feedback, allowing the full benefits of reduced clearances to be realized over the entire operating profile of the engine. A challenge for active clearance control research is the development of a turbine tip clearance sensor that is highly-reliable and of flight-quality. As the amount of turbine clearance can be asymmetric, it is envisioned that an array of clearance sensors placed circumferentially around the turbine case will be required [18] . Existing turbine tip clearance control systems do not incorporate direct measurement of clearance via sensors. This is due, in part to the inability of existing sensors to meet all of the necessary environmental and operational requirements associated with the turbine. A variety of clearance sensors have been used in laboratory environments including capacitance, eddy current, ultrasonic, and optical sensors. However, none of these sensors are currently used on engines in commercial service. For illustration purposes the required tip clearance sensor characteristics for use in Active Clearance Control Systems as defined in reference [18] are listed in Table 1 .
ADVANCED HEALTH MANAGEMENT TECHNOLOGIES AND SENSOR NEEDS
Intelligent aircraft engines will require advanced health management capabilities that will accurately assess current engine health and predict remaining engine life. This information, coupled with the engine's projected future use, will enable the optimal scheduling and performance of maintenance. Diagnostics and Prognostics are key elements of an aircraft engine health management system. Diagnostics is the assessment of the current condition of the system and the detection and isolation of any faults. Prognostics predicts remaining system/component life. New information from advanced sensors, algorithms, and life usage monitoring techniques are enabling the advanced health management capabilities envisioned of future intelligent aircraft engines.
For illustration purposes a conceptual engine health management system is shown in Fig. 3 . The control process previously shown in Fig. 2 can be seen as a component of this overall architecture. On-board diagnostics and prognostics to assess overall engine health are also included. A propulsion system supervisor coordinates overall PCHM functions. It receives engine command inputs which are fed into the engine control; it transmits engine health information to a vehicle management computer; and, if necessary, it can reconfigure or adapt the engine control based upon the current health of the engine. The vehicle management computer archives and transmits vehicle health and status information to a groundbased fleet information management system. The following sections will discuss health management technologies and the associated sensor needs, specifically in the areas of gas-path performance diagnostics, structural health monitoring, and prognostics.
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Gas-Path Performance Diagnostics
Gas-path analysis is the assessment of engine component health through the interpretation of available (control feedback) gas path measurements such as temperatures, pressures, and rotor speeds, and analytical knowledge of the interrelationships between these parameters and component performance. Aircraft operators have used gas-path analysis in ground-based applications for several decades to trend engine performance and diagnose faults [19, 20] . More recently, adaptive on-board engine models have been demonstrated for use in real-time engine performance monitoring and optimization of engine control to accommodate off-nominal engine behavior [21, 22] . Performance diagnostics and the integration of performance diagnostics with adaptive controls play prominent roles in the intelligent engine vision. Any improvements in the accuracy, uniformity, and reliability of gas path sensors will result in a direct improvement in the accuracy of performance diagnostics and model-based control technologies. Also, there are currently stations within the engine gas-path that are not instrumented due in part to the harsh operating temperatures that exist at these locations. With improvements in high-temperature sensing capabilities, it is expected that sensors will be developed with the capabilities to survive in these environments.
Measurements at these additional locations will further enhance the accuracy of gaspath analysis techniques.
In addition to conventional gas path pressure and temperature measurements, the ability to sense additional parameters would be beneficial in diagnosing engine performance faults. For example, gas path debris monitoring sensors [23, 24] for monitoring and quantifying engine debris ingestion and discharge are desirable. These sensors employ an electrostatic technique to monitor and quantify the amount of debris present in the engine. When mounted at the engine inlet these sensors would be able to detect the ingestion of foreign objects or debris. Additional debris monitoring sensors mounted near the engine exhaust hold the potential to detect debris generated by wear of turbine blades, abradable rub strips, seals, etc., the liberation of turbine blades/vanes, and variations in combustion by-products.
The electrostatic sensor specifications discussed in reference [24] are summarized in Table 2 . Cost, weight, size, and reliability of any new gas path sensor designs for flight applications will be key issues. Also, the sensors must be non-intrusive and readily accessible for maintenance purposes.
Structural & Mechanical Component Health Management
Conventional aircraft engine health monitoring systems have limited capabilities in the areas of vibration diagnostics and lubrication system monitoring. Typically, relatively low frequency vibration measurements are collected from accelerometers and monitored for exceedance of acceptable vibration magnitudes and rotor-out-of-balance conditions. The onboard signal processing capability to handle high frequency accelerometer measurements is typically not found on today's aircraft. The future vision is to add multiple low-cost high frequency vibration sensors distributed throughout the engine along with the required processors to perform the associated signal processing. This would enable earlier detection and improved isolation of system faults that manifest themselves as a shift in the system vibration signature; (these benefits must of course outweigh the cost of adding any new sensors and/or processors to the engine). Example candidate faults for detection via vibration diagnostics include bearing faults, turbine blade failures, gear failures [25] , foreign object damage events, disk cracks, and shaft cracks. The vibration frequencies of interest to diagnose such faults are dependent upon the design and rotational speeds of the components of interest. For example, bearing defects (i.e. ball, inner race, and outer race faults) can be diagnosed by monitoring for periodic impacts, which occur at the ball passing frequency, which can be estimated from bearing geometry and rotating speed. Similarly, the vibration signature produced by a disk crack is dependent upon the center of mass displacement and the rotational speed of the part [26, 27] . Enhancements are desired to produce affordable flight quality vibration sensors which can be installed inside the engine.
Lubrication system monitoring in today's aircraft engines is often performed post-flight by Spectrographic Oil Analysis Programs [28] which analyze oil samples taken from the engine at specified intervals. Through this process the chemical composition of the oil is analyzed, and checks are made for the presence of contaminants or particles within the oil. Online monitoring capabilities often consist of oil debris monitoring systems such as chip detectors which monitor for the presence of metallic particles in the engine oil system. If fretting or spalling of engine mechanical components occurs, metal particles are generated and released into the system oil. The chip detector sensor contains a magnet to attract any metal particles that may be present in the lubrication system. When a particle becomes attached to the chip detector magnet an electrical circuit is completed and a warning can be generated to have the engine inspected. The future vision is to add multiple low cost oil debris monitoring sensors [29, 30, 31] throughout the engine lubrication system to provide enhanced fault isolation capability, and the ability to discern particle size and content (ferrous versus non-ferrous particles).
The capabilities of the oil debris monitoring sensor described in reference [29] are shown in Table 2 for illustration purposes. Additionally, on-board oil condition monitoring capabilities that provide real-time analytical data on the condition of engine lubricates are envisioned. As an example, parameters to be monitored by an on-line Oil Condition Monitor sensor as described in reference [32] are summarized in Table 2 . Affordable flight-quality sensors which are readily installable, and which provide data acquisition from in situ locations throughout the lubrication system are desired.
Some of the advanced structural and mechanical health monitoring sensors under consideration include turbine blade monitoring sensors [33] . Blade monitoring sensors would provide the capability to measure blade tip clearance and blade time of arrival. This in turn could allow the detection of faults such as blade erosion, rubbing, cracking, high cycle fatigue (HCF), and foreign object damage. Some candidate sensing technologies for blade health monitoring include eddy current [34, 35] , capacitance [36] , and optical sensors. In addition to monitoring blade health, these sensors are also promising for use in Active Clearance Control applications (discussed earlier in this paper), disk crack detection, and precise rotor speed measurements. The generic sensor performance requirements for blade health monitoring introduced in reference [34] are Table 2 . In order to be practical for production engine applications, these sensors need to be affordable, reliable, light-weight, and be readily installable and accessible.
Prognostics and Life Usage Monitoring
Reliable prognostics and life usage monitoring are key enabling technologies for intelligent aircraft engines.
Prognostics [37] provides early detection of incipient ("very small") fault conditions within a component, and the capability to manage and predict the progression of this fault condition to component failure. Prognostics is closely related to life usage monitoring which predicts remaining component life based upon the past operating history of the system. Collectively, reliable prognostics, diagnostics, and life usage monitoring capabilities will enable the transition from today's practice of performing aircraft engine maintenance predominately on a time-based schedule, to scheduling and performance of maintenance based upon the condition of the engine. This has the potential to lead to enhanced safety, reduced maintenance related delays and cancellations, less unnecessary maintenance, less unscheduled maintenance, reduced manual effort required to perform maintenance, and increased on-wing life of components. Conventional prognostic/life usage monitoring capabilities are limited but do include trending of component effective cycle counts [38] and trending remaining engine operability margins such as exhaust gas temperature margin. Future enhancements are necessary in the areas of life modeling, fault propagation modeling, and sensors to enable condition-based maintenance. Reference [39] describes a probabilistic approach to engine component life estimation using conventionally available control sensor measurements. The accuracy of such life usage estimation algorithms could be enhanced if additional sensor measurements such as turbine metal temperatures, stress, and strain were available. Example sensors to enhance life usage monitoring are included in Table  2 . Sensor designs which can obtain these measurements from stand-off locations are desired.
The Tools for Engine Diagnostics (TED) task under the NASA Aviation Safety Program is working to establish and improve diagnostic and prognostic capabilities for measuring deformation and damage of rotating engine components on the ground and for intermittent or continuous monitoring in the onwing environment [40] . The TED task is investigating a variety of in situ non-destructive evaluation (NDE) techniques to measure and detect very small cracks and incipient fault conditions. This includes the development of vibration-based methodologies for crack detection in rotating disks and shafts. Variations in the system "global" vibration response are monitored to detect crack induced center of mass shifts using non-contact capacitance probes (similar to the sensors and approach discussed in References [27, 36] ). The identification of disk cracks using "localized" sensors such as acoustic emission, ultrasonic, and piezoelectric patch sensors are also being pursued. Future advances such as slip ring or wireless capabilities are needed to enable in situ implementation of these localized sensors on rotating parts. The TED task is also developing and evaluating a wireless (untethered) eddy current probe for internal engine inspections using readily available borescope access ports. Examples of some of the advanced in situ NDE sensors being developed and/or envisioned for future intelligent aircraft engines prognostics and life usage monitoring are listed in Table 2 . Again, advances are necessary in the areas of cost, weight, size, and robustness in order to fabricate sensors suitable for production engine applications.
DISTRIBUTED, FAULT-TOLERANT CONTROL TECHNOLOGIES AND SENSOR NEEDS
Conventional aircraft engine control architectures consist of a centralized engine control computer with analog interfaces to engine control sensors and actuators. The active component control and advanced health management technologies as envisioned of future intelligent aircraft engines will add additional sensors and actuators to the system. With these added sensors and actuators will come the need for additional wiring harness cabling which can significantly increase the weight and cost of the overall system. An approach to address this issue is to transition from the conventional control architecture, where all of the control, data acquisition, and signal processing logic is housed in a centralized control computer, to a distributed control architecture [41] in which system functionality resides in smart, lightweight, distributed components. Distributed components can be interconnected via a simple communication and power bus, or potentially via a wireless communication architecture, thus significantly reducing the required cabling. Additional benefits include easier troubleshooting and replacement of faulty line replaceable units. A distributed control architecture would require "smart" sensors and actuators which have input signal conditioning, output device driver circuits, self-calibration, processing capabilities, built-in-test (BIT) capabilities, and a communication bus interface. Wireless sensors with power scavenging capabilities are also desirable as they could further reduce required wires and cabling.
The necessary miniaturization and packaging would need to be developed for these smart components to be mounted and survive in relatively harsh environments distributed throughout the engine.
UNIVERSAL ENGINE SENSOR REQUIREMENTS
Any new "intelligent engine" technology under consideration for insertion into next-generation aircraft propulsion systems must be shown to provide tangible benefits over the current state-of-the-art in order to ultimately transition into a product. Issues to be kept in mind specific to any new sensors added to the engine include the fact that these devices often need to be able to tolerate the harsh (high temperature) environment of an aircraft engine with a high degree of reliability [42] . The materials used in conventional sensor designs are not able to survive in some of these environments. Therefore, designs using alternate materials, or innovative standoff or indirect measurement techniques are required. Sensors used for health monitoring purposes need to be more reliable than the fault(s) they are monitoring for, and they must meet any real-time requirements. Otherwise system reliability is compromised instead of enhanced by adding the new technology. Commercial aircraft engine time-before-overhaul durations of 5,000 to 10,000 hours are common, and are expected to increase in the future. Engine sensors will be expected to have similar, if not greater, on-wing lives. In addition to reliability, there are also cost, weight, and size limitations on new technology that can be added to the vehicle. The fabrication, miniaturization, and packaging of any new sensors are thus key issues. Highly-instrumented engines will not be affordable without associated advances in actuation and processing capabilities. Smart sensors which integrate local intelligence (i.e. self diagnostic, self-calibrating, and processing capabilities) into the sensor design are envisioned as a means to reduce the size and weight of any added hardware. Sensors which can multiplex multiple measurements into a single signal are also desirable in certain applications. Any sensors installed on the engine must also be readily accessible by maintenance personnel for inspection and/or replacement. Sensors which require either highly-skilled personnel or extensive time/disassembly to service are significantly less desirable as they could cause flight delays and cancellations.
CONCLUSIONS
This paper reviewed and discussed anticipated sensing needs for future intelligent aircraft engines from a controls and health management perspective. These needs were discussed in the categories of active control, advanced health management, and distributed control -areas which hold much promise for improving the safety, reliability, performance and reducing the emissions and operating costs of aircraft engines. In each of these areas the necessary system features to be sensed were discussed and example sensor specifications were given. In many of these technology areas it was noted that existing sensor technology is being used to support technology maturation in research and laboratory environments. However, significant enhancements are necessary to develop sensors suitable for production engine applications. There are many efforts ongoing to develop advanced controls and health management technologies for aircraft engines. As such it is acknowledged that this paper is not all-encompassing in capturing the sensor needs of all PCHM technologies envisioned or under development. Rather it is a broad overview of the representative sensor needs as presently envisioned to support these technology areas.
